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ABSTRACT Vaccine-induced B cells differentiate along two pathways. The follicular
pathway gives rise to germinal centers (GCs) that can take weeks to fully develop.
The extrafollicular pathway gives rise to short-lived plasma cells (PCs) that can rap-
idly secrete protective antibodies within days of vaccination. Rabies virus (RABV)
postexposure prophylaxis (PEP) requires rapid vaccine-induced humoral immunity for
protection. Therefore, we hypothesized that targeting extrafollicular B cell responses
for activation would improve the speed and magnitude of RABV PEP. To test this hy-
pothesis, we constructed, recovered, and characterized a recombinant RABV-based
vaccine expressing murine B cell activating factor (BAFF) (rRABV-mBAFF). BAFF is an
ideal molecule to improve early pathways of B cell activation, as it links innate and
adaptive immunity, promoting potent B cell responses. Indeed, rRABV-mBAFF in-
duced a faster, higher antibody response in mice and enhanced survivorship in PEP
settings compared to rRABV. Interestingly, rRABV-mBAFF and rRABV induced equiva-
lent numbers of GC B cells, suggesting that rRABV-mBAFF augmented the extrafol-
licular B cell pathway. To confirm that rRABV-mBAFF modulated the extrafollicular
pathway, we used a signaling lymphocytic activation molecule (SLAM)-associated pro-
tein (SAP)-deficient mouse model. In response to antigen, SAP-deficient mice form
extrafollicular B cell responses but do not generate GCs. rRABV-mBAFF induced simi-
lar anti-RABV antibody responses in SAP-deficient and wild-type mice, demonstrating
that BAFF modulated immunity through the extrafollicular and not the GC B cell
pathway. Collectively, strategies that manipulate pathways of B cell activation may
facilitate the development of a single-dose RABV vaccine that replaces current com-
plicated and costly RABV PEP.

IMPORTANCE Effective RABV PEP is currently resource- and cost-prohibitive in re-
gions of the world where RABV is most prevalent. In order to diminish the require-
ments for rabies immunoglobulin (RIG) and multiple vaccinations for effective pre-
vention of clinical rabies, a more rapidly protective vaccine is needed. This work
presents a successful approach to rapidly generate antibody-secreting PCs in re-
sponse to vaccination by targeting the extrafollicular B cell pathway. We demon-
strate that the improved early antibody responses induced by rRABV-mBAFF confer
improved protection against RABV in a PEP model. Significantly, activation of the
early extrafollicular B cell pathway, such as that demonstrated here, could improve
the efficacy of vaccines targeting other pathogens against which rapid protection
would decrease morbidity and mortality.
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Antibodies against rabies virus (RABV) glycoprotein (G), the only surface protein of
RABV, are protective against pathogenic rabies (1–3). To prevent clinical symptoms

of rabies after exposure to a potentially infectious animal, the World Health Organiza-
tion recommends a standard RABV postexposure prophylaxis (PEP) protocol consisting
of wound debridement, administration of rabies immunoglobulin (RIG), and five vac-
cinations (4). The current RABV vaccine induces protective anti-RABV G antibodies
within 7 to 10 days (5). RABV PEP relies on the administration of RIG for rapid, passive
protection during the delay between vaccination and production of protective virus
neutralizing antibodies (VNAs) by the recipient (4, 6, 7).

Incomplete prevention of human RABV exposure coupled with inadequate access to
medical intervention leads to over 55,000 deaths each year, despite the existence of
highly successful reservoir control programs and effective PEP (8–11); this death toll is
vastly underreported (12). At least 40% of deaths due to rabies occur in children 15
years of age or younger, making rabies the seventh most costly infectious disease in
terms of disability-adjusted life years (3, 7).

Over 15 million people receive RABV PEP annually, with direct costs totaling an
estimated $1.7 billion (13). This cost remains burdensome in areas of the world where
the incidence of RABV exposures is highest. In Asia and Africa, where over 95% of RABV
exposures occur, a course of PEP is estimated to cost $49 to $50, while the average
worker earns only $1 to $2 per day (http://www.who.int/mediacentre/factsheets/fs099/
en/). Additionally, RIG is prohibitively expensive and inconsistently available in regions
with insufficient medical infrastructure (14–16). A vaccine that induces B cells to rapidly
differentiate into antibody-secreting plasma cells (PCs) that produce protective anti-
bodies could substantially reduce the financial burden and death toll of RABV by
eliminating the necessity of RIG for successful PEP and by reducing the need for
repeated vaccination.

Vaccine-induced B cells receive signals from cognate T cells in secondary lymphoid
organs and then differentiate along two pathways (reviewed in reference 17). The
follicular pathway gives rise to GCs which generate high-affinity memory B cells and
long-lived PCs secreting high-affinity antibodies (18, 19). GC-derived PCs can take a
week or more to fully develop. The extrafollicular pathway gives rise to short-lived PCs
that secrete antigen-specific antibodies within days of antigen encounter (20). Extra-
follicular expansion of activated B cells occurs in foci within the red pulp of the spleen
or in the medullary cords of lymph nodes. Due to the speed with which extrafollicular
B cells differentiate into PCs, we anticipated that activating the extrafollicular B cell
pathway would improve the speed of protective immunity to RABV vaccination. With
the goal of exploiting extrafollicular B cell responses to accelerate RABV vaccine-
induced immunity, we hypothesized that expression of the tumor necrosis factor (TNF)
family cytokine BAFF by a live recombinant RABV-based vaccine (rRABV-mBAFF) would
induce rapid and robust anti-RABV-specific B cell responses and protection against
pathogenic RABV more effectively than the parental vaccine, rRABV.

BAFF is a cytokine expressed mainly by cells of the innate immune system as well
as by some T and B cells (21, 22). BAFF predominantly binds to receptors on B cells,
making it an extremely attractive molecule to potentiate vaccine-induced B cell re-
sponses by linking innate and adaptive immunity. BAFF binds to BAFF receptor (BAFFR),
B cell maturation antigen (BCMA), and transmembrane activator and calcium modula-
tor and cyclophilin ligand interactor (TACI). These receptors are expressed on a wide
range of differentiated B cells, including marginal-zone B cells, B1 B cells, follicular B
cells, and CD138� antibody-secreting PCs in secondary lymphoid organs. These recep-
tors can also be detected on B cells at the site of infection, such as in the lungs, during
influenza infection (23). Due to the specificity of receptor expression on B cells, BAFF
has the ability to modulate a wide range of B cell functions, such as mediating B cell
survival and proliferation (24–27), inducing and maintaining T and B cell responses,
including antibody-secreting PCs, the most important effector B cell population in the
context of protection against RABV infection, and increasing protective IgG antibody
titers (28). BAFF has been demonstrated to enhance antibody-mediated protection in
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models of other infectious diseases, including HIV, influenza, pneumococcus, malaria,
Trypanosoma cruzi (Chagas’ disease), and respiratory syncytial virus (23, 29–33). BAFF
influences B cell proliferation, differentiation, and long-term survival of antiviral PCs
during recovery from alphaviral encephalomyelitis (34). This suggests BAFF influences
B cell responses in the central nervous system (CNS) as well as in peripheral sites, which
may help to protect against other neurotropic viruses.

In this report, we show that rRABV-mBAFF accelerates the kinetics and improves the
magnitude of the anti-RABV G antibody response. Mice treated with rRABV-mBAFF
were protected more efficiently in PEP settings than mice immunized with rRABV.
Importantly, the speed by which BAFF exerts its effects can be attributed to the
activation of extrafollicular B cells and not to early expansion of GC B cells. Collectively,
our work presents the direct targeting of specific pathways of B cell activation as a
promising approach to the development of a single-dose RABV vaccine that does not
require RIG.

RESULTS
Construction, recovery, and characterization of a live attenuated RABV-based

vaccine expressing functional murine BAFF. In order to demonstrate that BAFF
expression would improve the immunogenicity and protection conferred by rabies
vaccination, we constructed and recovered a recombinant, attenuated vaccine strain of
RABV expressing murine baff, resulting in rRABV-mBAFF (Fig. 1A). The growth kinetics
of rRABV-mBAFF were similar to those of the parental vector, rRABV (Fig. 1B and C),
indicating insertion of this foreign gene within the RABV genome does not affect the
growth of RABV in vitro.

BAFF is expressed as a 34-kDa protein that is cleaved by furin proteases on the cell
surface, resulting in soluble BAFF of the expected size, �21 kDa (24). Western blot
analysis of cell lysates from BSR cells infected with rRABV or rRABV-mBAFF confirmed
that rRABV-mBAFF expressed full-length BAFF, which was processed and cleaved into
soluble BAFF (Fig. 1D). Western blot analysis of supernatants from rRABV-mBAFF-

FIG 1 Construction, recovery, and characterization of a recombinant RABV-based vaccine expressing the
murine BAFF gene (rRABV-mBAFF). (A, top) RABV is a molecular clone of the SAD-B19 vaccine strain of
rabies. (A, bottom) RABV, which contains two unique restriction sites between the G and the L genes, was
spliced with the gene encoding murine BAFF. BSR cells were exposed to rRABV or rRABV-mBAFF at an
MOI of 5 for one-step growth kinetics (B) or at an MOI of 0.01 for multicycle growth kinetics (C). Aliquots
of cell culture supernatants were collected and viral titers were determined in duplicate for each time
point. (D) Expression of BAFF by rRABV-mBAFF was confirmed by Western blotting. BSR cells, which do
not endogenously express BAFF, were infected with rRABV or rRABV-mBAFF and lysed 72 h later. Proteins
were separated by SDS-PAGE and transferred to a polyvinylidene membrane, and immunodetection with
antibodies specific for BAFF was performed. A protein of the expected size for full-length and cleaved
soluble BAFF was detected in lysates of rRABV-mBAFF-exposed but not from rRABV-exposed BSR cells.
In parallel, purified and concentrated BSR cell supernatants were analyzed by Western blotting. A protein
of the expected size of soluble BAFF was detected in rRABV-mBAFF-exposed but not in rRABV-exposed
BSR cell supernatant.
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infected BSR cells demonstrated the presence of the mature, cleaved soluble BAFF. The
results showed rRABV-mBAFF expressed mature BAFF that is secreted into the super-
natant.

To ensure virally encoded, secreted BAFF was functional, primary murine spleno-
cytes were cultured with serial dilutions of purified and concentrated supernatants
from BSR cell cultures infected with rRABV or rRABV-mBAFF at a multiplicity of infection
(MOI) of 0.1. At 24, 48, and 72 h, splenocytes were harvested, stained with Live/Dead
aqua, �-B220 allophycocyanin-Cy7, and �-CD4 phycoerythrin (PE), and then analyzed
by flow cytometry (Fig. 2A). Exposure of splenocytes to supernatant from rRABV-
mBAFF-infected cells significantly increased the percentage of live B cells compared to
exposure to supernatant from rRABV-infected cells (Fig. 2B), indicating virally encoded
BAFF that is secreted into the supernatant of infected cells was functional.

To ensure that transient expression of BAFF by rRABV-mBAFF did not induce
autoimmunity, serum levels of anti-double-stranded DNA (dsDNA) antibodies were
measured in mice immunized intramuscularly (i.m.) with 5 � 106 focus-forming units
(FFU) of rRABV or rRABV-mBAFF, 50-fold more virus than that used in subsequent
immunogenicity experiments. Mice injected with 100 �l sterile phosphate-buffered
saline (PBS) i.m. served as a negative control. Indeed, no significant differences in
anti-dsDNA antibody levels were detected between the groups at days 14 and 63
postimmunization (Fig. 2C) despite seroconversion against RABV G at these time points
in all immunized mice (data not shown).

rRABV-mBAFF improves the speed and magnitude of anti-RABV G IgM and IgG
responses in vivo compared to rRABV. To evaluate the effect of BAFF expression on
the immunogenicity of rabies vaccination, mice were immunized intraperitoneally (i.p.)
with 105 FFU of rRABV or rRABV-mBAFF. The kinetics of the immune response were
monitored by serum levels of total anti-RABV G IgM and IgG antibodies at various times

FIG 2 Cells infected with rRABV-mBAFF produce functional BAFF. Primary murine splenocytes were exposed to
media or to serial dilutions of purified and concentrated supernatants from BSR cell cultures infected with rRABV
or rRABV-mBAFF at an MOI of 0.1. After 24, 48, or 72 h, splenocytes were harvested, stained with Live/Dead aqua,
�-B220 allophycocyanin-Cy7, and �-CD4 PE, and then analyzed by flow cytometry. (A) Representative gating
strategies to identify live B220� CD4� B cells are shown. (B) Quantitative data of the percentages of live total B220�

CD4� B cells are presented as the means � standard errors of the means (SEM). n � 2 per time point, per dilution.
An unpaired, two-tailed t test was used to compare groups (**, P � 0.01; ***, P � 0.001). (C) On day 0, C57BL/6 mice
were immunized i.m. with 5 � 106 FFU/mouse rRABV or rRABV-mBAFF or 100 �l sterile PBS. On indicated days
postimmunization, serum anti-double-stranded DNA antibody concentrations were determined by ELISA. Pooled
sera were run in duplicate (n � 5/group) from two independent experiments. Unpaired, two-tailed t tests were
used to compare groups (N.S., P 	 0.05).
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postimmunization. rRABV-mBAFF induced significant levels of anti-RABV G IgM (Fig. 3A)
and IgG (Fig. 3B) by day 5 postimmunization compared to mice immunized with rRABV
alone. This trend continued for each time point tested. Consistent with the antibody
levels determined by enzyme-linked immunosorbent assay (ELISA), significantly higher
VNA titers were detected in mice immunized with rRABV-mBAFF as early as 5 days
postimmunization than in mice immunized with rRABV (Fig. 3C). VNAs reached levels
indicative of a satisfactory immunization (greater than 0.5 IU/ml) (https://www.cdc.gov/
rabies/specific_groups/doctors/serology.html) by day 5 postimmunization in response
to rRABV-mBAFF, whereas VNAs in response to rRABV did not reach this level until day
10 postimmunization. VNA titers in response to rRABV-mBAFF remained significantly
higher through day 10 postimmunization relative to those induced by rRABV.

The kinetics of serum antibody production was repeated as described for the i.p.
experiments, except vaccine was administered i.m.; this route of administration delivers
antigens to the draining lymph nodes specifically, whereas i.p. administration distrib-
utes antigen to the peritoneal B1 B cells, the spleen, and the draining lymph nodes.
rRABV-mBAFF-immunized mice generated significant IgM levels (Fig. 3D) and IgG levels
(Fig. 3E) by day 5 compared with rRABV. Significantly higher levels of IgM and IgG were
maintained through day 5 and day 10 postimmunization, respectively, compared to
those induced by rRABV. rRABV-mBAFF induced higher titers of VNAs (Fig. 3F) than did
rRABV at all of the time points tested. Together, rRABV-mBAFF induced significantly
faster and greater antibody responses than rRABV following two different immuniza-
tion routes.

rRABV-mBAFF is more protective than rRABV in a model of PEP. To test whether
the increased speed and magnitude of the antibody response to rRABV-mBAFF com-
pared to rRABV conferred improved protection in PEP settings, a well-described mouse
model of rabies PEP was used (35, 36). Groups of female C57BL/6 mice (5 mice per
group, two independent experiments, for n � 10/group) were challenged in the hind
leg with 4 � 104 DOG4 virus on day 0 and then immunized i.m. with a single dose of

FIG 3 rRABV-mBAFF improves the speed and magnitude of anti-RABV G antibody responses. C57BL/6 mice were
immunized i.p. (A, B, and C) or i.m. (D, E, and F) with a single dose of 105 FFU/mouse of rRABV or rRABV-mBAFF. On the
indicated days postimmunization, RABV G-specific IgM (A and D) and IgG (B and E) antibodies were determined by ELISA.
(C and F) VNA titers were determined by RFFIT on pooled serum of immunized mice. Neutralization titers, defined as the
inverse of the highest serum dilution that neutralizes 50% of the challenge virus (challenge virus strain 11), were
normalized to international units/milliliter (IU/ml) using the WHO antirabies virus antibody reference standard. (A, B, and
C) n � 9, i.e., 3/group from 3 independent experiments; (D, E, and F) n � 3/group from a single experiment. An unpaired,
two-tailed t test was used to compare groups (*, P � 0.05; **, P � 0.01; ****, P � 0.0001). OD 490 nm indicates the optical
density at 490 nm.
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105 FFU of rRABV-mBAFF or rRABV or 100 �l PBS 12 h, 6 h (Fig. 4A), or 3 h (Fig. 4B) later.
The pathogenic RABV DOG4 was isolated from brain tissue of a human rabies victim
infected by a rabid dog (37). DOG4 is a relevant challenge virus because 90% of human
exposures and 99% of the human deaths worldwide are attributed to dog rabies (13,
38). Furthermore, DOG4 virus kills mice around 12 to 15 days postinfection, making PEP
studies feasible in mice (35, 39). Immunization with rRABV-mBAFF or rRABV 12 h after
pathogenic challenge improved longevity relative to unimmunized mice to a similar
extent (data not shown). Immunization 6 h after pathogenic challenge demonstrated
improved survival in response to rRABV-mBAFF relative to rRABV, which was further
improved by more prompt vaccination at 3 h postchallenge. In all, rRABV-mBAFF
significantly protected more mice in PEP settings than mice immunized with rRABV.

rRABV-mBAFF induces greater VNA titers without expanding GC B cell popu-
lations. Improvement in anti-RABV G antibody responses as early as day 5 postimmu-
nization with rRABV-mBAFF suggested that BAFF was not mediating these early im-
provements through GC B cells. This is consistent with our previous findings that
recombinant rabies vaccines can induce antibody responses prior to the detection of
GC B cells (40, 41). Evaluation of the GC B cell population (B220� Fashi GL7hi) at day 7
postimmunization by flow cytometry (Fig. 5A and B) revealed no difference in the GC
B cell populations between rRABV and rRABV-mBAFF (Fig. 5C) despite significantly
higher VNA titers in response to rRABV-mBAFF (Fig. 5D).

rRABV-mBAFF induces significantly faster and higher T cell-dependent extra-
follicular antibody responses than rRABV. BAFF has the ability to influence the

FIG 4 Postexposure protection of RABV-based vaccines. On day 0, C57BL/6 mice were challenged i.m.
with 4 � 104 FFU/mouse of pathogenic DOG4 rabies virus and then immunized i.m. with 105 FFU/mouse
rRABV or rRABV-mBAFF or 100 �l sterile PBS at 6 h postchallenge (A) or 3 h postchallenge (B). n � 10,
i.e., 5/group from 2 independent experiments. Kaplan-Meier survival curves were analyzed by the
log-rank test (**, P � 0.01; ***, P � 0.001).
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development of both T cell-independent (TI) and T cell-dependent (TD) antibody
responses (42), both of which can contribute to RABV PEP (41, 43). Because BAFF
enhances anti-RABV immunity and protection in PEP settings without expanding GC B
cell numbers (Fig. 5), we next wanted to determine whether expressing BAFF improved
the TI pathway of B cell activation. Mice completely devoid of all CD4 T cells (41) were
immunized with a single dose of 105 FFU of rRABV-mBAFF or rRABV i.p. BAFF did not
improve antibody responses in a TI manner (data not shown), suggesting BAFF influ-
ences alternative B cell pathways in the context of rRABV vaccination.

To confirm that BAFF was acting on B cells in extrafollicular foci, we employed a
signaling lymphocytic activation molecule (SLAM)-associated protein (SAP)-deficient
mouse model. SAP-deficient mice exhibit short-lived cognate T-B pairing without
migration of stable T-B pairs into the follicle. SAP-deficient mice do not generate GCs
in response to antigen but have intact extrafollicular responses (44–46). Using SAP-
deficient mice, we evaluated the kinetics and magnitude of the extrafollicular antibody
response induced by rRABV and rRABV-mBAFF (Fig. 6). rRABV induced similar IgM (Fig.
6A), IgG (Fig. 6B), and VNA levels (Fig. 6C) in SAP-deficient mice compared with

FIG 5 rRABV-mBAFF induces greater VNA titers without expanding GC B cell populations. C57BL/6 mice were immunized i.m. with 100 �l sterile
PBS (n � 2), 105 FFU rRABV (n � 4), or 105 FFU rRABV-mBAFF (n � 6). On day 7 postimmunization, sera and inguinal lymph nodes were collected.
Lymph nodes were homogenized, and cells were stained with allophycocyanin-Cy7 �-B220, PE-Cy7 �-CD95, and FITC �-GL7 and analyzed by flow
cytometry. (A) Representative gating strategies to identify B220� B cells are shown. (B) Contour plots of the B220� B cells were then subgated
for CD95hi GL7hi GC B cells, with representative gates shown. (C) Quantitative data of the number of GC B cells per 100,000 B cells is presented
as the means � SEM. (D) VNA titers at day 7 postimmunization were determined by RFFIT on pooled serum. Neutralization titers were normalized
to IU/ml using the WHO anti-rabies virus antibody reference standard. Unpaired, two-tailed t tests were used to compare groups (*, P � 0.05).
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wild-type mice, verifying that rRABV induces early antibodies primarily through the
extrafollicular B cell pathway. Moreover, rRABV-mBAFF induces similar IgM (Fig. 6A), IgG
(Fig. 6B), and VNA levels (Fig. 6C) in wild-type and SAP-deficient mice, confirming that
BAFF modulates the extrafollicular B cell pathway.

Compared to rRABV, rRABV-mBAFF induced significantly faster and higher IgM and
IgG anti-RABV G antibody titers in SAP-deficient mice (Fig. 6A and B). Indeed, by day 5
postimmunization rRABV-mBAFF induced over 40-fold greater VNA titers in SAP-
deficient mice than did rRABV (Fig. 6C). VNA titers remained 7- to 10-fold greater in
response to rRABV-mBAFF than rRABV through day 14 postimmunization in SAP-
deficient mice. Together, these data indicate that rRABV-mBAFF induces improved
antibody responses through a TD extrafollicular pathway of B cell activation.

DISCUSSION

In this study, we hypothesized that modulating early pathways in B cell activation
could improve RABV-based vaccination in PEP settings. To test this hypothesis, we
constructed and recovered a recombinant RABV-based vaccine that expressed murine
BAFF (rRABV-mBAFF). We confirmed that rRABV-mBAFF produced secreted, functional
BAFF, and that expressing BAFF from rRABV did not alter its growth kinetics in vitro. We
show that rRABV-mBAFF enhances the kinetics and magnitude of the anti-RABV G
antibody response in mice. This is consistent with previous reports that BAFF is an
effective adjuvant for viral and bacterial antigens, including HIV-1 envelope and
pneumococcal surface adhesin A (29, 30). Our findings dovetail with reports that
dampening the BAFF signaling axis is an effective strategy to prevent autoimmune
diseases such as arthritis, systemic lupus erythematosus, and type II diabetes by
diminishing the antibody production and survival of autoreactive B cells (47–49). While
BAFF in the context of RABV vaccination supports desired B cell responses, we con-
firmed through monitoring of autoimmune antibodies, specifically serum anti-double-
stranded DNA antibody levels, that the transient expression of BAFF did not induce
associated autoimmune dysfunction (Fig. 2C).

It has been suggested that unique B cell subsets have differential contributions to
follicular and extrafollicular responses (50–52). We immunized mice using two routes of
inoculation in order to help elucidate the B cell subsets and/or compartment(s) relevant
to the anti-RABV antibody response. i.m. inoculation exposes recirculating B2 cells in
the draining lymph nodes to antigen, while i.p. inoculation also exposes peritoneal B1
B cells and splenic B2 cells to antigen (53). Despite the additional splenic and B1 B
exposure to antigen following i.p. immunization, the responses to i.p. and i.m. vacci-
nation with rRABV-mBAFF were similar, suggesting that BAFF was affecting B cell
subsets common to both routes of immunization, excluding B1 B cells, in the improved
antibody response.

FIG 6 rRABV-mBAFF improves the speed and magnitude of extrafollicular anti-RABV G antibody responses in SAP-deficient mice.
C57BL/6 (WT) or SAP-deficient (SAP) mice aged 7 to 10 weeks were immunized i.p. with a single dose of 105 FFU/mouse of rRABV or
rRABV-mBAFF. On indicated days postimmunization, RABV G-specific IgM (A) and IgG (B) antibodies were determined by ELISA. (C) VNA
titers were determined by the RFFIT on pooled serum of immunized mice. Neutralization titers were normalized to IU/ml using the
WHO anti-rabies virus antibody reference standard. n � 6, i.e., 3/group from 2 independent experiments. An unpaired, two-tailed t
test was used to compare groups (*, P � 0.05; **, P � 0.01; ****, P � 0.0001). OD 490 nm indicates optical density at 490 nm.
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Protection against pathogenic rabies is conferred by VNAs that neutralize infectious
virions before they infect CNS neurons and induce an encephalitis which underlies
clinical symptoms. A DOG4 challenge model of PEP was used to confirm that the
BAFF-mediated improvement of the early antibody response conferred better protec-
tion against pathogenic rabies. The improved speed and magnitude of the protective
antibody response to rRABV-mBAFF enhanced the protection of PEP relative to rRABV.
Vaccination with rRABV-mBAFF 6 h postchallenge conferred protection similar to that
of vaccination with rRABV 3 h postchallenge, suggesting that the window for successful
PEP could be improved by vaccines that exploit early pathways of B cell activation.

Our data suggested that in the context of RABV vaccination, BAFF influences TD B
cell responses, leaving rapid GC responses and extrafollicular responses as the potential
pathways underlying the improved antibody response to rRABV-mBAFF. In order to
decipher which of these B cell compartments BAFF affects, we evaluated the GC B cell
population at a time point when rRABV-mBAFF induced a significantly higher anti-RABV
antibody response than rRABV. The size of the GC B cell populations generated in
response to rRABV and rRABV-mBAFF were found to be similar despite significantly
higher VNA titers in rRABV-mBAFF-immunized mice, suggesting that BAFF was affecting
non-GC B cells. This led us to evaluate the response in SAP-deficient mice that lack GC
responses (44, 45). The improved antibody response to rRABV-mBAFF relative to rRABV
was maintained in SAP-deficient mice, confirming that BAFF potentiates extrafollicular
B cell responses.

Our results show that SAP is dispensable for the early adaptive response to rabies
vaccination. Moreover, BAFF expression improves the anti-RABV G antibody response
independent of SAP. Despite previously reported defects in class switch recombination
(CSR) in SAP-deficient B cells (54, 55), CSR occurs similarly in SAP-deficient and wild-type
PCs in response to rRABV, as evidenced by the transition from IgM to IgG antibodies in
the serum.

Since SAP-deficient mice exhibit decreased stability of T-B interactions, it might be
expected that the TD response to rRABV would be muted in this model. However, the
antibody response to rRABV in these mice was sustained at levels comparable to that
induced in wild-type mice. Lymph node-resident dendritic cells (DCs) may have com-
pensated for the diminished T cell help in SAP-deficient mice. DC-secreted BAFF
reportedly supports T cell costimulation of B cells (56, 57). Furthermore, DCs have been
shown to support the growth and increase the generation of PCs from extrafollicular
responses (58–60). Antigen-presenting cells (APCs) offer another route of compensa-
tion; in a porcine model of foot-and-mouth disease virus, APC-secreted BAFF supports
TD antiviral antibody responses under conditions of limited T cell help, similar to what
occurs in the SAP-deficient model (57). Vaccine-encoded BAFF could influence the
anti-RABV antibody response through the same mechanisms as APC- or DC-secreted
BAFF, modulating downstream B cell outcomes.

While BAFF may influence the TD B cell response to rabies vaccination through
indirect mechanisms such as those just discussed, the potential for BAFF to directly
affect B cells is well documented. BAFF signaling through BAFF-R, expressed on all
mature B cells, improves B cell survival and induces proliferation (25, 61, 62). Conse-
quently, increased availability of BAFF following immunization with rRABV-mBAFF may
improve the survival and/or increase the proliferation of B cells. Further work is needed
to determine whether BAFF expression modulates the repertoire produced by the PCs
and whether the PCs induced by rRABV-mBAFF are functionally different from those
developed in response to rRABV. Additionally, identification of the receptor(s) involved
in modulating the early TD extrafollicular B cell response would be relevant for future
vaccine development. The unique expression patterns of BAFF-binding receptors and
the growing understanding of their complex interactions with BAFF present a potent
avenue for exploitation in the development of future vaccines.

Our results collectively demonstrate that in the context of rabies vaccination, BAFF
improves the kinetics and magnitude of TD extrafollicular B cell responses. The current
understanding of the BAFF signaling axis indicates that this strategy could be leveraged
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to improve vaccine-induced antibody responses against other infectious diseases. For
example, the extrafollicular response to influenza vaccination plays a significant role in
protection (63, 64). Amplifying the extrafollicular response in such settings would
improve the protection conferred by vaccinations which occur in close temporal
proximity to pathogen exposure, potentially decreasing mortality in high-risk popula-
tions. Additionally, the ability to boost extrafollicular responses could be of significant
clinical importance in the control of pathogens which do not evoke T cell help, such as
pneumococci and meningococci, against which the extrafollicular pathway is respon-
sible for generating adaptive immunity.

MATERIALS AND METHODS
Recombinant RABV-based vaccine construction and recovery. rRABV is a recombinant RABV-

based vaccine vector and a molecular clone of the SAD-B19 vaccine strain of RABV (65, 66). To construct
rRABV expressing BAFF, the BAFF gene of Mus musculus (GenBank accession number BC106841) was
amplified by reverse transcription-PCR (RT-PCR) of lipopolysaccharide (LPS)-stimulated murine spleno-
cytes from C57BL/6 mice (The Jackson Laboratory) with Taq polymerase (Invitrogen) using forward
primer JPMRP-37 (5=-TTTCGTACGATTATGGATGAGTCTGCAAAGACC-3=) (BsiWi is underlined) and reverse
primer JPMRP-38 (5=-AAAGCTAGCTTACAGCAGTTTTAGGGCACC-3=) (NheI is underlined). The restriction
enzymes BsiWI and NheI (New England BioLabs) were used to digest and insert this RT-PCR product into
the rRABV plasmid, resulting in recombinant RABV plasmid encoding murine BAFF (pRABV-mBAFF).
Infectious virus was recovered as described previously (65, 67, 68), resulting in rRABV-mBAFF. Viral stocks
were grown on BSR cells, concentrated, and purified over a 20% sucrose cushion and reconstituted in
sterile 1� phosphate-buffered saline (PBS).

One- and multistep growth curves. Growth kinetics of rRABV and rRABV-mBAFF were determined
in parallel as previously described (69). Briefly, BSR cells were seeded at 5.0 � 105 cells/well in 6-well
plates (Corning, Inc.) in Dulbecco’s modified Eagle’s medium (DMEM) containing 5% heat-inactivated
fetal bovine serum (FBS)–1% penicillin/streptomycin and infected 24 h later with rRABV or rRABV-mBAFF
at a multiplicity of infection (MOI) of 5 or 0.01 for one-step or multicycle growth curves, respectively. After
a 1-h incubation, cells were extensively washed with 1� PBS and supplemented with DMEM. Tissue
culture supernatants (100 �l) were harvested at the indicated time points. Titers of infectious superna-
tants were determined in duplicate using BSR cells.

Western blotting. BSR cells were infected with rRABV or rRABV-BAFF at an MOI of 0.1. Cells were
incubated at 37°C with 5% CO2 overnight, washed three times with 1� PBS, supplemented with
serum-free medium, and grown for another 3 days. Supernatants were harvested, cellular debris was
pelleted out, and virus was removed from supernatants by ultracentrifugation (1 h, 24,000 rpm at 4°C).
Purified supernatants were incubated overnight with 80 mol/liter �-propriolactone (Sigma-Aldrich) to
inactivate any residual virus and then concentrated 100� using a 10-kDa centrifugal filter (Merck
Millipore, Ltd.). Cells were washed extensively with 1� PBS and lysed with radioimmunoprecipitation
assay (RIPA) buffer (Sigma-Aldrich), and cellular debris was pelleted out. Proteins were separated via 10%
SDS-PAGE, transferred to a polyvinylidene fluoride membrane (Thermo Fisher Scientific), and blocked
with 5% nonfat milk powder in 1� PBS overnight. The membrane was probed for 1 h with polyclonal
goat IgG anti-murine BAFF primary antibody (R&D Systems) at a dilution of 1:2,500 in PBS– 0.05% Tween
20. The membrane was then incubated for 1 h with donkey anti-goat IgG horseradish peroxidase-
conjugated secondary antibody diluted 1:20,000 in PBS– 0.05% Tween 20. The membrane was developed
using ECL Western blotting substrate (Pierce).

In vitro splenocyte stimulation by rRABV-mBAFF supernatant and flow cytometry. Spleens were
collected from 6- to 10-week-old C57BL/6 mice (The Jackson Laboratory) and homogenized, red blood
cells were lysed, and splenocytes were cultured in 96-well flat-bottomed plates at a density of 2.5 � 105

cells/well for 24, 48, or 72 h in serial 3-fold dilutions of 100� concentrated supernatant from BSR cells
infected with rRABV or rRABV-mBAFF at an MOI of 0.1, with a starting dilution of 1:10 in RPMI-based
splenocyte medium (68, 70). Medium alone served as a negative control. At the indicated time, cells were
harvested, stained with Live/Dead fixable aqua (Invitrogen), blocked with CD16/32 Fc block (BD Biosci-
ences) in PBS containing 2% FBS (fluorescence-activated cell sorting [FACS] buffer), and then stained for
the markers B220/CD45R (allophycocyanin-Cy7; clone RA3-6B2; BD Biosciences) and CD4 (phycoerythrin;
clone GK1.5; BD Biosciences). Samples were fixed in 2% paraformaldehyde and immediately analyzed on
a BD LSR Fortessa flow cytometer. Data were analyzed using FlowJo (Treesoft) and Prism 5 (GraphPad)
software.

Evaluation of anti-dsDNA antibody responses by ELISA. Groups of 5 female 6- to 10-week-old
C57BL/6 mice (The Jackson Laboratory) were immunized intramuscularly (i.m.) with a single dose of 5 �
106 FFU/mouse of rRABV or rRABV-mBAFF or 100 �l sterile 1� PBS. On days 14 and 62 postimmunization,
blood was collected and serum was isolated for analysis. RABV G-specific IgG antibodies were determined
by ELISA as described previously (40, 71–73). Anti-dsDNA levels were determined by ELISA on pooled
sera from each immunized group diluted 1:100 in 1� PBS and plated in duplicate using a mouse
anti-dsDNA Ig (total A�G�M) ELISA kit (Alpha Diagnostic International), run according to the manufac-
turer’s protocol. A positive index for anti-dsDNA antibodies was calculated based on the values from mice
immunized with PBS. Anti-dsDNA antibody levels were analyzed using one-way analysis of variance
(ANOVA) with Tukey’s posttest in Prism 5 (GraphPad) software.

Haley et al. Journal of Virology

April 2017 Volume 91 Issue 8 e02435-16 jvi.asm.org 10

https://www.ncbi.nlm.nih.gov/nucleotide/BC106841
http://jvi.asm.org


Evaluation of early antibody responses by ELISA and RFFIT. Groups of 3 female 6- to 10-week-old
C57BL/6 mice (The Jackson Laboratory) were immunized intraperitoneally (i.p.) or i.m. with a single dose
of 105 FFU of rRABV or rRABV-mBAFF. On days 3, 5, 7, and 10 postimmunization, blood was collected and
serum was isolated for analysis. RABV G-specific IgG and IgM antibodies were determined by ELISA and
reported at a 1:50 dilution as described previously (40, 71–73). VNA titers of pooled, heat-inactivated sera
were determined using the rapid fluorescent focus inhibition test (RFFIT) as described previously (40, 71).

PEP protection. For PEP protection (35), 6- to 10-week-old female C57BL/6 mice (The Jackson
Laboratory) were challenged i.m. with 4 � 104 FFU of DOG4 RABV, a gift from Matthias Schnell. This dose
of DOG4 RABV was chosen because it is lethal to all unimmunized mice. At either 3, 6, or 12 h
postchallenge with DOG4, mice were immunized i.m. with 105 FFU of rRABV or rRABV-mBAFF. Alterna-
tively, control mice received 100 �l sterile 1� PBS i.m. For 4 weeks postchallenge, the mice were weighed
daily and monitored for clinical signs of RABV, the onset of which was a terminal endpoint.

Evaluation of GC B cells by flow cytometry. Female 6- to 10-week-old mice were immunized i.m.
with 100 �l sterile 1� PBS (n � 2) or 105 FFU rRABV (n � 4) or rRABV-mBAFF (n � 6). On day 7
postimmunization, serum and inguinal lymph nodes were isolated for analysis. Lymph nodes were
homogenized, red blood cells were lysed, and lymphocytes were blocked with CD16/32 Fc block (BD
Biosciences) in FACS buffer. Lymphocytes were then stained for the markers B220/CD45R (allophyco-
cyanin-Cy7; clone RA3-6B2; BD Biosciences), Fas/CD95 (PE-Cy7; clone Jo2; BD Biosciences), and T&B cell
activation antigen (fluorescein isothiocyanate; clone GL7; BD Biosciences). Samples were fixed in 2%
paraformaldehyde and immediately analyzed on a BD LSRII flow cytometer. Data were analyzed using
FlowJo (Treesoft) and Prism 5 (GraphPad) software. VNA titers of pooled, heat-inactivated sera were
determined using the RFFIT as described previously (40, 71).

Evaluation of extrafollicular antibody responses in SAP-deficient mice. Groups of 3 female 6- to
10-week-old SAP-deficient mice (B6.129S6-Sh2d1atm1Pls/J; The Jackson Laboratory) (74) were immunized
i.p. with a single dose of 105 FFU of rRABV or rRABV-mBAFF. Groups of 3 female 6- to 10-week-old
C57BL/6 mice (The Jackson Laboratory) were immunized i.p. with a single dose of 105 FFU of rRABV or
rRABV-mBAFF in parallel. On days 3, 5, 7, 10, and 14 postimmunization, blood was collected and serum
was isolated for analysis. RABV G-specific IgG and IgM antibodies were determined by ELISA and reported
at a 1:50 dilution as described previously (40, 71). VNA titers of pooled, heat-inactivated sera were
determined using the RFFIT as described previously (40, 71).
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